Abstract. This paper presents the numerical investigation on the formability of the sheet hydroforming by a finite element method. The finite element method code for sheet hydroforming simulation was developed based on the staticexplicit finite-element method code STAMP3D. Experiments and Simulations of ellipse deep drawings were performed. The simulated thickness strain distribution which has two local thinnings at the punch shoulder and at the upper part of the side wall well agreed with the experimental one, thus demonstrating the validity of the developed code. Moreover, the effects of the friction increasing effect which is one of the main features in the sheet hydroforming on the formability were examined by comparing the results between the simulations with the friction coefficient //=0 and those with //=0.15. When //=0 was employed, the local thinning at the upper part of the side wall disappeared. This showed that the occurring the two local thinnings in the sheet hydroforming was originated in the friction increasing effect.
INTRODUCTION
Sheet hydroforming (SHF) is one of the stamping technologies which employs hydraulic pressure instead of a female die. The SHF enables to conform to the shape of the punch firmly by the hydraulic pressure applied simultaneously with the punch stroke. The SHF has many advantages, such as saving tooling cost, improving dimensional accuracy and increasing drawing ratio. However, it is difficult to determine proper forming conditions of the blank holding force and the hydraulic pressure to the punch stroke. It takes a long time to determine them since they are determined by trial and error, and hence this problem leads to the consumptions of time, cost and energy. Therefore, the application of numerical simulation is essential to overcome this problem. However, SHF simulation programs which can give adequate results for practical use are not currently in existence.
This paper presents a development of a new simulation program for the SHF by a static-explicit finite-element method (FEM) and investigations on the formability of the SHF by the developed code. The FEM code for the SHF is developed based on the static-explicit FEM code STAMP3D. Experiments and simulations of ellipse deep drawings are performed and are compared to verify the developed code. Then the effects of the friction on the formability of the SHF are examined in order to see whether the friction increasing effect which is one of the main features in the SHF is properly reproduced in the simulations.
FINITE ELEMENT FORMULATIONS

Basic formulations
The simulation program for the SHF is developed based on the static-explicit elastoplastic FEM code STAMP3D which is dedicated for the stamping and tube hydroforming simulations. The formulations of STAMP3D are explained in detail in the references [2, 3, 4] . This chapter explains briefly the formulations related to the SHF simulation. The hydraulic pressure is considered as traction. Considering a rectangular element on which the hydraulic pressure P is applied, the rate of the equivalent nodal force vector F e r due to the hydraulic pressure for an element can be written as
where <£is the [3^12] matrix that consists of the shape function N* for the isoparametric elements and n is the unit vector outward and normal to the surface. The first term in the right-hand side of eq.(l) corresponds to the rate of the magnitude of the hydraulic pressure and can be given as 
s where x is the coordinate of the element node, the permutation symbol and £ and TJ are the natural coordinates. The second term in the right-hand side of eq.(l) corresponds to the rate of the rotation of the hydraulic pressure vector and can be given as e , (3) where M is the [3><12] matrix and hence K^ becomes the [12x12] matrix.
There are several considerable features in treating the hydraulic pressure in the SHF simulations. First, the hydraulic pressure acts only on the part of the sheet in the pressurized water chamber. Moreover, increasing the hydraulic pressure, the blank holder is sometimes pushed up by the hydraulic pressure and the water can flow out from the chamber. Therefore, in the SHF simulation, the following three items should additionally be dealt with; (a) Sorting sheet nodes by their positions in order to apply the hydraulic pressure properly, (b) Correcting the hydraulic pressure vector acting on the sheet nodes which move from the flange area to the region in the chamber, and (c) Modeling of the outflow of the water. In this study, the model in which the outflow of the water is not involved is considered. The formulations for the items (a) and (b) [5] are briefly explained in the following chapters. Figure 1 shows the schematic drawing of the SHF process. The hydraulic pressure is applied on node a since this node is in the pressurized water chamber, while it is not applied on node b since this node is in between the blank holder and the die. Therefore, the sheet nodes should be checked whether they are in the region A shown in Fig. 1 or not. This checking is done by applying the contact search algorithm proposed by the authors [6] in this study. The sheet node is projected in the Z direction and whether the intersection point with the die lies within the region B or not is checked. If the intersection point lies within the region B of the die, this sheet node is considered to be in between the blank holder and the die and the hydraulic pressure is not applied to this node. Otherwise, the sheet node is considered to be in the water chamber and the hydraulic pressure is applied. This checking is performed for all the sheet nodes in every increment. Although this procedure seems to be complicated, the checking can be done regardless of the geometries of the tools.
Sorting the sheet nodes
Correcting hydraulic pressure vector
The hydraulic pressure does not act on a sheet node as long as it is in between the blank holder and the die. When the sheet node first move into the pressurized water chamber, the hydraulic pressure suddenly starts acting on it. Assuming node b in Fig.l first moves into the pressurized water chamber at the end of Mi increment, no hydraulic pressure is acting on this node at this moment. Subsequently, at the end of the next increment, say f+1, P'+AP of the hydraulic pressure, where P is that at the end of /th increment and AP is that of the increment, should be acting on any sheet node in the chamber. However, the formulation for the hydraulic pressure shown in eq.(l) is written in an incremental form (or a rate form) so that only AP out of P'+AP can be applied to node b in i+lth increment. Consequently, only the sum of AP from /+lth increment can be applied to node b by the end of the process and of course this magnitude differs from the proper one. Therefore eq.(l) is corrected in order to apply the proper magnitude for such nodes. In the case of node b, the following corrected equation is employed for /+/th increment where
w+1 s Rsafe is the acceleration parameter [3] and r min the r min value at w+lth increment. By using eq. (4) instead of eq.(l) for such nodes, the magnitude of the hydraulic pressure acting on such nodes can be corrected to the proper one within some increments.
ELLIPSE DEEP DRAWING ANALYSIS
modeled by the collection of triangular elements as shown in Fig. 2 . Coulomb friction law is employed for the contacting sheet nodes and the friction coefficient //=0.15 is used for the punch. Since the die and the blank holder are well lubricated in order to obtain a large draw-in in the experiment, the ideal condition is assumed in the simulation and //=0 is employed for the die and the blank holder. The blank holding force is 32kN in the experiment. On the other hand, since the shell elements cannot deal with the double side contact problem properly [7] , the initial clearance of about 0.41mm between the die and the blank holder is kept constant in the simulation. It should be noted that the outflow of the water from the chamber is not observed in the experiment.
Comparison of thickness strain distributions
The results by the conventional stamping are examined first. Figure 4(a) shows the simulated and experimental thickness strain distributions in the longitudinal direction from the center of the products. The simulated result quite well agrees with the
Experimental and simulated models
The abovementioned formulations are newly implemented into STAMP3D. In order to verify the developed program, both the simulation and experiment of ellipse deep drawings by the SHF are performed and the results are compared. The simulation and experiment by the conventional stampings in which the hydraulic pressure is not applied are also carried out. Figure 2 shows the geometries of the tools and sheet. Mild steel is used for the sheet and its mechanical properties are shown in Table 1 . The dimensions of the square shaped material are 160x105mm with the thickness of 0.4mm. Figure 3 shows the loading paths of the punch stroke and the hydraulic pressure employed in the experiment and the simulation. The sheet is drawn up to the punch stroke of 30mm.
In the simulation, only a quarter part of the sheet is modeled by four-node degenerated shell elements with assumed strain field due to its symmetric property. Since the punch shoulder radius is 1mm, the part of the sheet which can contact the punch shoulder is divided into 0.5mm pitch, while the other region is into 1.5mm pitch. The total number of element is 3613. The tools are assumed to be rigid and only their surfaces are The true stress-logarithmic plastic strain curve of the specimen is approximated by a =F ( f 0 + f P) ' FIGURE 3 Loading path of hydraulic pressure and punch stroke experimental one. Especially, the tendency that a local thinning is observed at the punch shoulder is well reproduced in the simulation.
Figure 4(b) shows the simulated and experimental thickness strain distributions by the SHF. In the experimental result, the local thinning is observed not only at the punch shoulder but also at the upper part of the side wall. This tendency differs from that in the conventional stamping shown in Fig. 4(a) . In the simulated result by the SHF, the tendency of occurring the two local thinnings is well reproduced. Moreover, although the thickness strain at the upper part of the side wall does not quantitatively agree, the thickness strain at the other part well agrees. It can be considered that the disagreement at the upper part of the side wall is caused by the use of the shell elements. Since the shell element cannot deal with the double side contact problem [7] because there is only one node in the thickness direction, the thickness at the flange part increases larger than the clearance of the blank holder and the die. As a result the draw-in becomes less than the experiment and the thinning at the upper part of the side wall progresses. Obviously, the same problem also arises in the conventional stamping simulation. However, it can be considered that this problem does not come to the front in the conventional stamping simulation because the local thinning only occurs at the punch shoulder where the influence of the draw-in is small Some times the fracture occurs in the experiment at the final stage of the SHF as shown in Fig. 5(a) . This shows that the region at the upper part of the side wall becomes severe deformation. This fracture site well corresponds to the region where the local thinning occurs in the simulated result. Therefore, although the quantitative agreement in the thickness strain is not obtained, it can be said that the tendency of the formability is well predicted by the developed code, thus demonstrating the validity of the developed code.
Mechanism of occurring the two local thinnings
Comparing the thickness strain distribution by the SHF and that by the conventional stamping, it is observed that the thinning at the punch shoulder is smaller in the SHF than that in the conventional stamping, while the thinning at the upper part of the side wall progresses in the SHF. This difference is considered to be originated in the so-called friction increasing effect on the punch surface which is one of the main features in the SHF [8] . In other words, the thickness strain distribution may become similar to that by the conventional stamping if the friction is disregarded. Therefore, in order to verify this hypothesis, the numerical experiment in which the friction for the punch is disregarded in the SHF, i.e. //=0 is employed for the punch, is carried out. In this numerical investigation, the amount of the sliding distance and the strain paths are also compared with those of the simulation with //=0.15. Figure 6 shows the simulated thickness strain distributions with //=0 and //=0.15. It is clearly observed in the result with //=0 that the thinning increases at the punch shoulder, while it decreases at the upper part of the side wall. Moreover, the thinning at the punch bottom also increases. This result shows that the thickness strain distribution becomes very similar to that of the conventional stamping shown in Fig. 5(a) when disregarding the friction on the punch surface in SHF, although the tendency at the upper part of the side wall slightly differs. Therefore, it can be said that the friction on the punch surface is one of the reasons of occurring the two local thinnings.
Thickness strain distributions
Amount of the Sliding Distance
The effect of the friction on the punch surface on the formability is examined more in detail by analyzing the sliding of the sheet on the tools. Figure  7(a) shows the transition of the sliding distance of node a at the punch shoulder and Fig. 7(b) shows the deformations at the punch strokes of 5 and 30 mm. d a in Fig. 7 is the distance from the punch bottom to node a. When the punch stroke is 5mm, d a is almost the same in the two results ( Fig. 7(b) ). As the punch progresses, the sliding distance with //=0 keeps on increasing, while that with //=0.15 tends to saturate at about 2mm ( Fig. 7(a) ). When the forming finishes at the punch stroke of 30mm, d a in the result with //=0.15 increases to 2.13mm, while 4.15mm in the result with tf=Q ( Fig. 7(b) ). This shows that the friction obviously prevents the node from sliding on the punch surface. In other words, the friction increasing effect is derived in the simulation with //=0.15 and hence the elongation at the punch shoulder is restrained, thus decreasing the thickness strain. Figure 8 shows the transitions of the sliding distance of node b shown in Fig.8 d b , i.e. the amount of the draw-in. Contrary to the result at the punch shoulder, a larger draw-in is obtained in the forming with //=0.15 compared to that with //=0. The reason why the draw-in becomes larger when increasing the friction on the punch surface can be considered that the larger draw-in is needed in order to cover the elongation at the side wall since the elongation at the punch shoulder is restrained by the friction increasing effect. In other words, the material feeding at the side wall is insufficient in the forming with //=0.15.
It becomes clear from the above results that the friction on the punch restrains the elongation at the punch shoulder, while this restraint leads to the short of material at the side wall. Consequently, it can be said that the friction increasing effect leads the occurring the two local thinnings.
Comparison of Strain Paths
The strain paths at node a at the punch shoulder and at node c at the upper part of the side wall denoted in Fig. 9 are compared between the results with //=0 and those with //=0.15. Figure 9(a) shows the strain path at node a. In the beginning of the process, the strain with //=0 increases in the plane-strain condition, and then it changes to the uniaxial-tensile condition. On the other hand, the strain with //=0.15 increases in the uniaxial-tensile condition in the whole process. These results show that the strain path with //=0 at the punch shoulder differs from that with //=0.15 from the early stage although the sliding distances are nearly the same as shown in Fig. 7(a) .
Figure 9(b) shows the strain paths at node c. The two strain paths show very similar results. The both strains increase in the pure-shear condition in the early stage of the process because node c is in between the blankholder and the die. Subsequently they change to the plane-strain condition.
From the above results, it becomes clear that the strain path with //=0 at the punch shoulder differs from that with //=0.15 from the beginning of the process, while the strain path with //=0 at the upper part of the side wall is almost the same as that with //=0.15 in the whole process. In other words, the formability only differs at the punch shoulder. Thus, it can be considered that the difference of thickness strain distribution between the result with //=0 and that with //=0.15 is brought about by the friction increasing effect at the punch shoulder.
CONCLUSIONS
A sheet hydroforming simulation program was developed based on the static-explicit elastoplastic finite-element method program STAMP3D. Simulations and experiments of ellipse deep drawings were performed. The results obtained in this study can be as follows.
(1) The simulated thickness strain distribution well agrees with the experimental one, and this confirms the validity of the developed code (2) The two local thinnings observed in the thickness strain distribution are originated in the friction increasing effect and this effect is well reproduced in the simulations.
The outflow of the water from the pressurized water chamber is not considered in this study. Therefore its modeling will be developed and implemented into the code in the future work.
